Introduction {#Sec1}
============

Due to limited availability of donor organs for heart transplantation, implantation of intracorporal miniaturized left ventricular assist devices (LVAD) became clinical daily routine, with the number of procedures increasing annually^[@CR1],[@CR2]^. Next-generation LVAD systems virtually all follow a continuous-flow (CF) principle by constantly moving blood from the left ventricle (LV) to the aorta and thereby mechanically unloading the heart^[@CR3]^. Cardiac mechanical unloading (MU) of the LV by reducing myocardial volume and consequently pressure overload is considered to reverse remodeling of the myocardium^[@CR4]^. However, reports are scarce that describe successful myocardial recovery under LVAD therapy permitting subsequent LVAD explantation^[@CR5],[@CR6]^. Molecular analyses of explanted hearts after MU reveal multifaceted processes of reverse remodeling. A decline of cardiac hypertrophy, recovery of β-adrenergic receptor expression, improved calcium cycling and alterations in the gene expression profile were observed^[@CR7],[@CR8]^. Additionally, the contribution of an altered inflammatory response and the generation of reactive oxygen species have been described^[@CR9]^. Nevertheless, thus far neither can a definitive beneficial clinical outcome in terms of myocardial recovery under MU be predicted nor have the drivers of myocardial recovery been identified^[@CR10],[@CR11]^. One factor that may contribute to this controversy on the grounds of inconclusive results is that molecular investigations of myocardium after MU are often performed in human heart tissue derived from explanted hearts^[@CR12],[@CR13]^. Heart tissue of LVAD patients can be poorly standardized due to different origins of heart failure and varying LVAD therapy duration. To strategically investigate the molecular mechanisms underlying reverse remodeling after MU, an animal model is indispensable, such as the heterotopic heart transplantation in rat previously described by Ono and Lindsey^[@CR14]^. Here, MU was induced by connecting the ascending aorta (AA) and pulmonary artery (PA) of the donor organ to the abdominal aorta and the inferior vena cava of the recipient animal. In this vascular configuration, blood flow into the left and right ventricle is largely absent, reducing pressure and volume load of the ventricles. Coronary perfusion, however, is preserved, leading to a transplanted "*in vivo* Langendorff" heart. Effects of MU can be adequately assessed in this animal model.

Thus far, MU has often been performed with healthy rat hearts, not representing the typical heart failure pathology^[@CR15]--[@CR17]^. To better reflect the clinical situation, however, previous studies have also assessed the outcome of MU in volume-overloaded hearts^[@CR18]^ or in a genetic model of dilated cardiomyopathy^[@CR19]^. To further complement these studies with a clinically relevant model, we set out to investigate the molecular mechanisms of MU-mediated pathological remodeling in pressure-overloaded hearts. To this end, we subjected rat hearts to 3 or 6 weeks of thoracic aortic constriction (TAC) prior to heterotopic heart transplantation and investigated alterations in intracellular signaling mechanisms. We thus aimed to use our standardized protocol for pressure overload/MU to establish a possible relationship between pre-MU disease-severity and outcome after MU.

Material and Methods {#Sec2}
====================

Materials {#Sec3}
---------

Anti-cardiac myosin-binding protein C (cMyBP-C) antibody and anti-CTGF were purchased from Santa Cruz Biotechnology (Dallas, TX, USA), cMyBP-C-pSer282 antibody from Enzo Life Sciences (Lörrach, Germany)^[@CR15]^, anti-phospholamban (PLN) and PLN-pSer16 antibody from Badrilla (Leeds, UK), anti-p44/42 MAPK (ERK) and pThr202/Tyr204-p44/42 MAPK (ERK) from Cell Signaling Technology (Frankfurt, Germany) and anti-tropomyosin (TM1) sarcomeric antibody was from Sigma-Aldrich (Taufkirchen, Germany). pSer283-TM1 antibody was provided by Dr. David Wieczorek (Cardiovascular Research Center, Cincinnati, USA).

Study design {#Sec4}
------------

To investigate potential differences in MU-mediated remodeling between sham-operated healthy control hearts and hearts undergoing TAC-induced pressure overload prior to heterotopic heart transplantation, a novel rat model combining TAC and heterotopic heart transplantation (hHTx) was employed^[@CR16]^. Following sham (group 1) or TAC surgery for the duration of 3 (group 2) or 6 weeks (group 3), disease progression in groups 2 and 3 was monitored by echocardiography (*in vivo*) as compared to sham-operated hearts. Three or four hearts per group (sham-operated or TAC-operated hearts, for 3 weeks or 6 weeks) were then heterotopically transplanted and mechanically unloaded for 14 days (group 4, 5, 6). At the indicated points in time, animals were sacrificed and the hearts removed and analyzed by histology (group 1 n = 10; group 2 n = 10; group 3 n = 8; group 4--6 n = 3--4), western immunoblot analysis and with regard to gene expression (group 1--3 n = 4--8; group 4--6 n = 3).

The group design is illustrated schematically in Fig. [1](#Fig1){ref-type="fig"}.Figure 1Group design. Schematic overview of the study groups with the sham-operated control group (group 1; n = 10 survivors), the groups of animals that underwent TAC surgery for 3 weeks (group 2; n = 10 survivors) or 6 weeks (group 3; n = 8 survivors) and the groups of animals that underwent subsequent heterotopic heart transplantation with mechanical unloading (MU) for additional 2 weeks after sham operation (group 4; n = 3 survivors), after TAC for 3 weeks (group 5; n = 4 survivors) and TAC for 6 weeks (group 6; n = 3 survivors).

Animal experiments {#Sec5}
------------------

All experiments were conducted in accordance to local institutional guidelines after approval by local authorities (Institutional Animal Care and Use Committee: Behörde für Gesundheit und Verbraucherschutz, Hamburg, Germany; File reference: G82/14). All animals included in the study received humane care in compliance with the "Principles of Laboratory Animal Care" formulated by the National Society for Medical Research and the "Guide for the Care and Use of Laboratory Animals" prepared by the Institute of Laboratory Animal Resources. Biometrical planning using G-Power software (v. 3.1.7, Kiel University) was used to reduce animal numbers. Ejection fraction before transplantation was used as target parameter to ensure statistically significant differences in heart function before the intervention. We assumed a measurement SD of 20% and 15% inter-group differences. One-way analysis of variance and Dunnett's post-test for multiple testing were used as statistical tests, pre-defined power was 0.8, and α-error probability threshold was set as 0.05. A group size of n = 10 per group was determined and significance was reached already with 8 animals in the TAC 6-weeks group, due to larger ejection fraction differences than expected. No statistical planning was performed for the transplantation groups, which was set to n ≥ 3 due to a lack of previous experience and accessibility for echocardiography. Buprenorphine and carprofen were used to ameliorate suffering during surgery. Animals were sacrificed by an overdose of pentobarbital and subsequent decapitation.

Transverse aortic constriction (TAC) {#Sec6}
------------------------------------

This study was performed in animals undergoing a combination of TAC surgery with subsequent heterotopic heart transplantation (hHTx) as previously described^[@CR17]^. To this end, TAC surgery was performed in 3 week-old (40--50 g) male syngenic Lewis rats (Charles River Germany GmbH, Sulzfeld, Germany) to induce pressure overload. Animals were anesthetized by intubation and ventilation with 2%-Isoflurane in oxygen (0.7 ml/100 g bodyweight (BW), 90 strokes/min). With the animals placed in a supine position, the underlying sternum was excavated after a 2 cm median cut along the neck. After median hemisternotomy, the sternum halves were kept apart with 4--0 vicryl sutures (Ethicon Inc., Somerville, NJ, USA). The aorta was dissected from the pulmonary trunk and a titanium clip was placed on the aortic arch between the brachiocephalic trunk and the left common carotid artery. The clip was delivered by a clip applicator (WECK, Horizon, Metal Ligation Sytem, Teleflex, Morrisville, NC, USA), with an adjustable screw, allowing for a remaining internal diameter of 0.45 mm after closure. The sternum and the skin were then closed and the animals were kept on a heating mat until they had reached full consciousness.

Echocardiography {#Sec7}
----------------

Two weeks after the initial TAC surgery, all animals were examined echocardiographically (Vevo 770 system, 20 MHz center frequency single element transducer, VisualSonics Inc., Toronto, Canada). The systolic pressure gradient across the stenosis was evaluated by color duplex sonography and only animals with a maximum gradient above 50 mmHg were included in the study. Three weeks after the procedure animals showed myocardial hypertrophy with preserved fractional shortening (FS) and six weeks after TAC thinned myocardium with reduced FS.

Heterotopic heart transplantation (hHTx) {#Sec8}
----------------------------------------

TAC-induced pressure overload was maintained for three weeks (group 2) to induce hypertrophy or 6 weeks (group 3) to mimic heart failure. HHTx was performed on 220--250 g Lewis rats. To reduce myocardial burden in the pre-impaired heart, donor and recipient animals were anesthesized with sevoflurane (SEVOrane, Abbott Laboratories Inc., Chicago, IL, USA). Analgesia was administered using 0.04 mg/kg BW buprenorphine (Temgesic, Reckitt Benckiser, Slough, Berkshire, UK) and 4--5 mg/kg BW carprofen s.c. After opening of the abdomen 500 I.U. heparin were injected into the inferior vena cava of the donor rat. The chest was opened in a butterfly fashion with median sternotomy and cutting at the height of the diaphragm arch. Subsequently, topical cooling with ice-cold saline and rapid administration of cardioplegia (St. Thomas-Hospital solution I, Dr. Franz Köhler Chemie GmbH, Bensheim, Germany) was performed. After loss of contractility and collapse of coronary arteries, vena cava superior and inferior as well as pulmonary veins were ligated using Mersiline (Ethicon Inc., Somerville, NJ, USA). Transplantation was performed as described by Ono and Lindsey^[@CR14]^, involving anastomosing of the ascending aorta to the recipient rat's abdominal aorta and the pulmonary artery to the abdominal part of the recipient rat's vena cava inferior using Prolene 8--0 (Ethicon Inc., Somerville, NJ, USA). Due to the syngenic nature of the utilized Lewis rats, no immunosuppression had to be performed. After 14 days of mechanical unloading, with daily digital testing of graft contractility, animals were euthanized and grafts were explanted for histological and molecular analyses.

Immunohistochemistry {#Sec9}
--------------------

Tissues were fixed in 4% buffered formalin and processed for paraffin embedding. Sections were cut (2 μm) and stained with hematoxylin and eosin according to standard procedures. For analysis of fibrosis, samples were stained with Picrosirius Red solution (Sirius Red dye dissolved in picric acid) according to standard procedures. For the detection of dystrophin, heat-mediated antigen retrieval was performed and samples were incubated with anti-dystrophin antibody (clone1808, 1:200, MAB1645, EMD Millipore). For apoptosis detection cleaved caspase staining was performed. For detection of specific binding, the Ultra View Universal DAB Detection Kit (Ventana, Roche) was used, which contains secondary antibodies, DAB stain and counter staining reagent for detection of nuclei. Images were taken with a Leica DMD108 digital microscope. The quantification of fibrosis and cell diameter in tissue sections were carried out in a blinded fashion with ImageJ software^[@CR20]^.

Preparation of rat heart tissue samples for western immunoblot {#Sec10}
--------------------------------------------------------------

Rat heart tissue was snap-frozen in liquid N~2~, powderized and homogenized as a 1% homogenate (w/v) in a buffer consisting of 100 mmol/l Tris pH 7.4 and protease inhibitors (Complete, Roche). 3x reducing Laemmli sample buffer supplemented with 9% (v/v) β-mercaptoethanol was used. The samples were boiled for 5 min at 95 °C.

Assessment of collagen content {#Sec11}
------------------------------

To assess total collagen in heart samples from animals from groups 1, 2 and 3, a colorimetric assay was used (Soluble Collagen Assay, Cellbiolabs). To this end, hearts from 8 animals per group were transversally cut below the papillary muscles. The basal section was used for histological analysis while the apical part was powderized in liquid N~2~. The powder was used in a 1/20 dilution for the colorimetric assay according to the manufacturer's instructions. Absorption was analyzed on a Safire^[@CR2]^ plate reader (Tecan).

Western immunoblot analysis and zymography {#Sec12}
------------------------------------------

Western immunoblot analysis was carried out as described previously^[@CR21]^. In brief, tissue homogenate samples were separated by SDS-PAGE (7.5--15%) and transferred to polyvinylidene difluoride (PVDF) or nitrocellulose membrane. After blocking non-specific binding sites with 10% (w/v) non-fat skimmed milk or 5% bovine serum albumin in 0.1% (v/v) Tween 20-TBS (in mmol/l: Tris 20, NaCl 137; pH 7.6), membranes were incubated overnight at 4 °C with primary antibodies, followed by horseradish peroxidase (HRP)-conjugated secondary antibodies on the next day. Specific protein bands were detected by enhanced chemiluminescence (GE Healthcare) and quantified using the Gene Tools software (Syngene).

Zymography gels were prepared and run similarly. Protein was again separated on a 12% SDS-PAGE gel containing 1 mg/ml gelatin. Gels were run at 4 °C. After electrophoresis, SDS was removed from gels with Triton X-100 containing renaturation buffer for 3 × 20 min. Gels were developed in developing buffer for 2 × 10 min with subsequent incubation at 37 °C for 18 h. Finally, gels were stained with Coomassie staining for 3 h and de-stained in ethanol/acetate de-staining buffer to visualize bands.

Gene expression analysis {#Sec13}
------------------------

Gene expression was analyzed by qPCR and NanoString technology from RNA prepared from whole LV tissue. QPCR was performed to monitor disease progression in response to pressure overload and NanoString analysis was employed to extensively investigate the molecular cause of the fibrotic remodeling processes. For both purposes, RNA was extracted from LV tissue (RNeasy mini kit, QIAGEN, Hilden, Germany). For subsequent qPCR analysis, RNA was reversely transcribed (High Capacity cDNA Reverse Transcription kit, Applied Biosystems, Foster City, CA, USA). CDNA concentration was quantified by qPCR (HOT FIREPol EvaGreen qPCR Mix Plus, Solis BioDyne, Tartu, Estonia) followed by calculation using the delta-delta-ct-method. Ct values were normalized to glucuronidase beta (Gusb) as a common housekeeping gene. Primers can be found in Supplementary Table [1](#MOESM1){ref-type="media"}.

For gene expression analysis with the fluorescence-based NanoString (Redwood City, CA, USA) single RNA molecule counting technology, an in-house designed TagSet comprising 27 genes coding for proteins involved in excitation-contraction coupling and transcripts with known deregulation in pathological cardiac hypertrophy was adopted. 50 ng RNA per sample were hybridized to target specific capture and reporter probes at 67 °C overnight (16 h) according to the manufacturer's instructions. Samples were cooled down to 4 °C, loaded into the NanoString cartridge and the nCounter Gene Expression Assay was started immediately. Raw data (Supplementary Table [2](#MOESM1){ref-type="media"}) was analyzed with the proprietary nSolver Data Analysis Software (NanoString) including background subtraction using negative controls and normalization to 6 different housekeeping genes (ATP binding cassette subfamily F member 1 (Abcf1), actin beta (Actb), clathrin heavy chain (Cltc), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), phosphoglycerate kinase (Pgk1), tubulin beta 5 class 1 (Tubb5)).

Statistical analysis {#Sec14}
--------------------

Statistical comparisons were performed by One-way ANOVA followed by Dunnett's post-test for multiple comparisons unless otherwise stated. Quantitative data are presented as mean ± SEM in bar charts, as mean ± SD in the summary table (Table [1](#Tab1){ref-type="table"}) and *P* \< 0.05 was considered significant. To account for batch effects in cell diameter measurements (Fig. [2D](#Fig2){ref-type="fig"}, 20 cells each from 3 animals per group), we used the clustered Generalized Estimation Equation (GEE) to test for statistical significance. The 'gee' software package for R-software version 3.4.1 was used for calculation (R Development Core Team; Carey *et al*. (2015) gee: Generalized Estimation Equation Solver. R package version 4.13--19).Table 1Echocardiography and clinical phenotype after TAC: Summary of the functional and phenotypical data after sham-operation or TAC surgery.Sham (n = 10)TAC 3 weeks (n = 10)TAC 6 weeks (n = 8)P-value Sham vs. TAC 3 weeksP-value Sham vs. TAC 6 weeksP-value TAC 3 vs. TAC 6 weeksTTE 2 weeks after TAC  ∆p^max^ (mmHg)/72.7 ± 22.750.9 ± 4.1//0.02  ∆p^mean^ (mmHg)/24.4 ± 7.317.3 ± 1.5//0.02TTE 3/6 weeks after TAC  Ejection fraction (%)52.1 ± 2.333.8 ± 4.520.5 ± 16.1\<0.0001\<0.00010.02  Fractional shortening (%)28.2 ± 1.523.7 ± 4.317.1 ± 3.2\<0.01\<0.0001\<0.01  Wall thickness (mm)1.9 ± 0.12.2 ± 0.32.1 ± 0.2\<0.010.010.43  Left ventricular surface (mm²)9.6 ± 2.45.8 ± 1.019.9 ± 1.1\<0.001\<0.0001\<0.0001  Enddiastolic volume (µl)580.1 ± 19.51407.7 ± 250.01596.4 ± 211.7\<0.0001\<\<0.00010.11  Endsystolic volume (µl)278.3 ± 18.5982.6 ± 135.81287.9 ± 388.0\<0.0001\<0.00010.03Clinical phenotype  Body Weight (g)254.7 ± 70.5185.7 ± 24.1299.4 ± 45.8\<0.010.14\<0.0001  Heart weight (g)0.9 ± 0.21.1 ± 0.21.8 ± 0.30.04\<0.0001\<0.0001  HW/BW ratio0.004 ± 0.00030.006 ± 0.00070.006 ± 0.002\<0.0001\<0.011.0  Tibia length (mm)31.7 ± 2.928.3 ± 0.534.7 ± 0.7\<0.010.01\<0.0001*P*-values are given for comparison of sham-operated versus TAC 3 weeks; sham-operated vs TAC 6 weeks; TAC 3 weeks vs TAC 6 weeks. One-way ANOVA followed by Dunnett's post-test (to sham).Figure 2Histological analyses of sham and TAC hearts and after hHTx/MU. Hearts were removed after sham-operation (n = 10) or 3 (n = 10) or 6 (n = 7) weeks after TAC surgery and after heterotopic heart transplantation with mechanical unloading for 2 weeks (hHTx/MU: sham-operation (n = 3) or 3 (n = 4) or 6 (n = 3) weeks after TAC surgery), paraffin-embedded transverse cardiac sections were generated. Sections were subjected to hematoxylin/eosin (H&E), Picrosirius Red (PSR) or dystrophin staining. (**A**) Representative sections of hearts after sham-operation or 3 or 6 weeks after TAC surgery. (**B**) Representative sections of hearts after sham-operation or 3 or 6 weeks after TAC surgery and hHTx/MU for 2 weeks. (**C**) Transverse cardiac section area in mm^2^ directly below the mitral valve was assessed in sham-operated (n = 10) hearts or after TAC surgery for 3 (n = 10) or 6 (n = 7) weeks or after hHTx/MU (n = 3--4). Quantification was performed on images from A) and B) using ImageJ software. (**D**) Cardiac myocyte diameter in µm was assessed after dystrophin staining (20 cells each from 3 animals per group). Significance was tested vs. sham using the Generalized Estimation Equation for clustered data. *\*\*\*P* \< 0.001. Bar charts display mean ± SEM. (**E**) Fibrotic area in % was assessed after PSR staining. One-way ANOVA followed by Dunnett's post-test (to sham). Bars display mean ± SEM. *\*P* \< 0.05; *\*\*P* \< 0.005*; \*\*\*P* \< 0.001.

Results {#Sec15}
=======

TAC surgery and hHTx {#Sec16}
--------------------

As depicted in Fig. [1](#Fig1){ref-type="fig"}, 10 animals (30--40 g; 3 weeks old) underwent sham surgery and thus constitute the sham-control group (group 1). In total, 30 animals underwent clip-based TAC surgery. Of them, 10 animals were included into the 3 weeks TAC group ("hypertrophy"; group 2). In this group, all animals survived the 3 weeks time-interval of pressure overload until organs were harvested (10/10, 100%). For the 6 weeks TAC group ("heart failure"; group 3), another 10 animals were considered, of which 8/10 animals (80%) survived the 6 weeks time-interval. Two animals died of progressive heart failure. The remaining 10 animals were operated to constitute the TAC/MU groups. The hearts of these TAC operated animals were subjected to heterotopic heart transplantation 3 or 6 weeks after surgery, respectively. Of these, 7/10 (70%) survived the procedure. These 7 animals formed the mechanically unloaded diseased heart group (4 hearts after 3 weeks of TAC in group 5; 3 hearts after 6 weeks of TAC in group 6) and were compared to an additional 3 sham-operated mechanically unloaded hearts (group 4).

Echocardiography and clinical phenotyping {#Sec17}
-----------------------------------------

Detailed functional parameters and clinical results obtained by echocardiography are summarized in Table [1](#Tab1){ref-type="table"}. All animals were examined by echocardiography 2 weeks after sham or TAC surgery. All TAC operated animals displayed the desired pressure gradient across the stenosis, of which animals after 3 weeks of TAC (group 2) presented higher pressure gradients compared to after 6 weeks of TAC (group 3; 72.7 ± 22.7 vs. 50.9 ± 4.1 mmHg ∆p;^max^ *P* = 0.02; 24.4 ± 7.3 vs. 17.3 ± 1.5 mmHg ∆p;^mean^ *P* = 0.02). In both groups, animals displayed significant hypertrophy and decreased systolic function after 3 and 6 weeks, respectively. Compared to sham-operated control rats, left ventricular inner surface in the transversal echo plane decreased to 5.8 ± 1.0 mm² (vs. 9.6 ± 2.4 mm²; *P* \< 0.001) after 3 weeks of pressure overload with an impaired fractional shortening (FS) of 23.7 ± 4.3% vs. 28.2 ± 1.5% (*P* \< 0.01). After 6 weeks of clip application, systolic function was lower with a remaining fractional shortening of only 17.1 ± 3.2% vs. 28.2 ± 1.5% (*P* \< 0.0001) and left ventricular inner surface had increased to 19.9 ± 1.1 mm² (*P* \< 0.001). Moreover, ejection fraction, as again determined by transthoracic echocardiography, differed significantly between groups 1 to 3 (52.1 ± 2.3% vs. 33.8 ± 4.5%; *P* \< 0.0001 vs. 20.5 ± 16.1%; *P* = 0.02) Furthermore, animals presented clinical signs of heart failure such as dyspnea, rough fur and pale-bluish limbs 6 weeks after intervention.

Histological analysis after TAC-induced pressure overload and subsequent hHTx/MU {#Sec18}
--------------------------------------------------------------------------------

Disease progression in response to pressure overload (Fig. [2A](#Fig2){ref-type="fig"}) and subsequent hHTx with mechanical unloading for 2 weeks (Fig. [2B](#Fig2){ref-type="fig"}) was monitored histologically by staining with hematoxylin and eosin (H&E) to visualize morphological changes, Picrosirius Red (PSR) staining (Fig. [2A,B,E](#Fig2){ref-type="fig"}) and colorimetric collagen assay (Fig. [3A](#Fig3){ref-type="fig"}) to investigate fibrosis, gelatin zymography to investigate the activity of fibroblast-secreted metalloproteinases (Fig. [3B,C](#Fig3){ref-type="fig"}), and dystrophin staining to analyze changes in cardiac myocyte diameter (Fig. [2B](#Fig2){ref-type="fig"}). Representative images of transversal sections of hearts subjected to pressure overload for 3 and 6 weeks both revealed wall thickening and heart dilation, accompanied by mild fibrotic remodeling when compared to sham-operated control hearts (Figs [2A,E](#Fig2){ref-type="fig"}, [3A](#Fig3){ref-type="fig"}). Interestingly, analysis of transversal sections of diseased hearts after hHTx/MU intervention exhibited a significantly reduced overall surface area in comparison to hearts subjected to TAC surgery without subsequent hHTx/MU intervention (Fig. [2B,C](#Fig2){ref-type="fig"}). As expected, cardiac myocyte diameter assessed by dystrophin staining was significantly higher in the TAC groups. HHTx/MU led to a regression of the cardiac myocyte diameter to levels observed in sham-operated control hearts (Fig. [2C](#Fig2){ref-type="fig"}). Importantly, PSR-staining of heart sections from diseased hHTx/MU hearts demonstrated exacerbated fibrotic remodeling, which was also detectable in sham-operated hHTx/MU hearts (Fig. [2E](#Fig2){ref-type="fig"}). This suggests that mechanical unloading of rat hearts for two weeks activates a fibrotic remodeling program regardless of the disease status of the donor heart.Figure 3Fibrotic remodeling and activity of matrix metalloproteinases. Heart homogenates after sham-operation or 3 or 6 weeks after TAC surgery were analyzed for collagen content and matrix metalloproteinase activity. (**A**) Quantification of total collagen content by colorimetric assay (n = 8 per group). One-way ANOVA followed by Dunnett's post-test (to sham). Bars display mean ± SEM. No significant differences. (**B**) Quantification of the main matrix metalloproteinase activities at 170, 140 and 60 kDa by gelatin-based zymography (n = 8 per group) were assessed. (**C**) Representative gelatin-based SDS gel. One-way ANOVA followed by Dunnett's post-test (to sham). *\*P* \< 0.05 vs. sham-operated.

Gene expression {#Sec19}
---------------

To investigate whether distinct alterations in gene expression induced by pressure overload and mechanical unloading are causally related to the remodeling processes observed by histology, gene expression was analyzed by qPCR and NanoString technology. Due to the small number of samples within group 5 and 6, the gene expression data were combined and labeled group TAC/hHTx/MU. Initial qPCR analysis was performed for common hypertrophy associated genes (Fig. [4](#Fig4){ref-type="fig"}). As expected, the hypertrophic gene program was activated in both TAC groups. Acta1 (alpha 1 skeletal muscle actin) and Myh7 (beta-myosin heavy chain) were significantly higher expressed than in the sham-operated control group. These results are in line with the previous functional, phenotypical and histological data.Figure 4Gene expression analysis by qPCR. Expression of Acta1, Nppa, Nppb, Myh6, Myh7, Atp2a2, Col1a1, and Col3a1 was assessed by quantitative PCR. Due to the small number of samples available in TAC group 3 and 6 weeks after hHTx/MU, the results were pooled and the resulting group was labeled TAC/hHTx/MU. One-way ANOVA followed by Dunnett's post-test (to sham). Bars display mean ± SEM. *\*P* \< 0.05; *\*\*P* \< 0.005; Acta1: alpha 1 skeletal muscle actin; Nppa: natriuretic peptide A; Nppb: natriuretic peptide B; Myh6: alpha-myosin heavy chain; Myh7: beta-myosin heavy chain; Atp2a2: sarcoplasmic/endoplasmic reticulum Ca^2+^-ATPase 2; Col1a1: collagen type I alpha 1 chain; Col3a1: collagen type I alpha 3 chain.

In the hHTx/MU groups, most differences in gene expression did not reach statistical significance due to small group sizes and large heterogeneity between replicates, attributable to the complex surgical transplantation procedure. However, expression of Acta1, My6 (alpha-myosin heavy chain), Atp2a2 (sarcoplasmic/endoplasmic reticulum Ca^2+^ ATPase 2), Nppa (natriuretic peptide A) and Nppb (natriuretic peptide B) were found to be markedly lower in both the sham-operated and the TAC hHTx/MU groups than in sham-operated controls without hHTx/MU intervention. Also Col1a1 (collagen type I alpha 1 chain) expression remained high in the hHTx/MU groups, which could contribute to the observed fibrotic remodeling. Interestingly, no obvious difference in gene expression of commonly assessed pro-hypertrophic genes was observed between the sham-operated hHTx/MU group and the TAC/hHTx/MU group, which was consistent with the histological observations.

By NanoString technology, a panel of 27 transcripts was analyzed encoding structural cardiac myocyte proteins (Acta1, Acta2 (alpha 2 skeletal muscle actin), Actc1 (cardiac muscle alpha actin), Actn2 (alpha actinin 2), Atp2a2, Casq2 (calsequestrin 2), Myh6, Myh7, Nppa, Nppa, Pln (phospholamban), Ryr2 (ryanodine receptor 2)), transcription factors (Fhl1 (four-and-a-half LIM domains 1), Fhl2 (four-and-a-half LIM domains 2), Srf (serum response factor)), apoptosis-related genes (Bax (Bcl-associated X-protein), Bcl2 (Bcl-2), Casp3 (caspase 3)), fibrosis-associated genes (Col1a1, Col3a1 (collagen type III alpha 1 chain), Ctgf (connective tissue growth factor), Fn1 (fibronectin 1), Postn (periostin), S100a4 (S100 Ca^2+^-binding protein 4)), a pro-inflammatory transcriptional regulator (Nfkb1 (nuclear factor kappa B)) and vascularization markers (Cdh5 (cadherin 5), Vwf (von Willebrand factor); Fig. [5](#Fig5){ref-type="fig"}).Figure 5Gene expression analysis by NanoString technology. Expression of a panel of 27 genes was assessed by NanoString technology. Genes were grouped according to the function of the encoded protein into structural cardiac proteins, transcriptional regulators, apoptosis-related, fibrosis-related, pro-inflammatory and vascularization-related. One-way ANOVA followed by Dunnett's post-test (to sham) for each gene and subsequent adjustment for multiple testing using the Benjamini-Hochberg procedure. Bars display mean ± SEM. *\*\*P* \< 0.005*; \*\*\*P* \< 0.001; Acta1: alpha 1 skeletal muscle actin; Acta2: alpha 2 skeletal muscle actin; Actc1: cardiac muscle alpha actin; Actn2: alpha actinin 2; Atp2a2: sarcoplasmic/endoplasmic reticulum Ca^2+^-ATPase 2; Casq2: calsequestrin 2; My6: alpha-myosin heavy chain; My7: beta-myosin heavy chain; Nppa: natriuretic peptide A; Nppb: natriuretic peptide B; Pln: phospholamban; Ryr2: ryanodine receptor 2; Fhl1: four-and-a-half LIM domains 1; Fhl2: four-and-a-half LIM domains 2; Srf: serum response factor; Casp3: caspase 3; Bcl2: Bcl-2; Bax: Bcl-associated X-protein; S100a4: S100 Ca^2+^-binding protein 4; Postn: periostin; Fn1: fibronectin 1; Ctgf: connective tissue growth factor; Col3a1: collagen type III alpha 1 chain; Col1a1: collagen type 1 alpha 1 chain; Vwf: von Willebrand factor; Cdh5: cadherin 5; Nfkb1: nuclear factor kappa B.

As expected and in line with the qPCR data, the hypertrophic gene program was activated in TAC groups without hHTx/MU. In the 3 and 6 weeks TAC group, expression of hypertrophy marker genes Acta1, Myh7, Nppa, Nppb and the fibroblast activation markers Ctgf, Fn1, Postn and S100a4 was significantly higher and expression of Myh6 was significantly lower than in controls.

Importantly, genes contributing to fibrosis were markedly induced in both hHTx/MU groups. Expression of the fibrosis marker genes Col1a1, Col3a1, Ctgf, Fn1, Postn and S100A4 was higher than in the sham-operated control group, but also compared to the TAC groups. Expression of genes encoding for cardiac myocyte proteins followed no clear pattern. However, in both groups that underwent MU, gene expression of Myh6 was even lower than in the TAC groups and Myh7 gene expression was even higher than after TAC. Nppa and Nppb gene expression was lower than after TAC and almost as low as in sham-operated controls, as expected in response to MU. Furthermore, upregulation of apoptosis-related genes in both hHTx/MU groups could be observed, with gene expression of Bax, Bcl2 and Casp3 higher than in the sham-operated control group and the TAC groups.

The gene expression changes detected by NanoString technology were in accordance with the results obtained by qPCR analysis. In summary, the data confirm activation of fibrosis and apoptosis triggered by hHTx/MU, which occurs regardless of the disease state of the donor heart.

Western immunoblot analysis {#Sec20}
---------------------------

It had been reported previously^[@CR15]^ that MU of healthy rat hearts leads to significantly reduced phosphorylation of proteins involved in excitation-contraction coupling and at the same time to reduced total protein levels of sarcomere-associated proteins such as cardiac myosin-binding protein C (cMyBP-C), cardiac troponin I (cTnI) and phospholamban (PLN). Thus, we investigated whether pressure-overload induced hypo-phosphorylation of cardiac proteins - which had been described to associate with contractile dysfunction^[@CR22]^ - recovers after MU. We assessed protein expression and phosphorylation levels of the thick-filament associated protein cMyBP-C, the sarcoplasmic reticulum-associated protein PLN and the thin-filament associated proteins cTnI and tropomyosin 1 (TM1). Additionally, the expression and phosphorylation levels of extracellular-signal-regulated MAPK ERK1/2 were investigated, as they are known contributors to hypertrophic cardiac remodeling. Expression levels of the biomechanical stress sensing transcriptional regulators four-and-a-half-LIM domains isoform 1 (FHL1) and 2 (FHL2) were also investigated, as they are known to impact on the cellular compartmentalization of ERK^[@CR23]^. In hearts subjected to TAC surgery, protein expression of the sarcomeric proteins cMyBP-C, PLN, cTnI and TM1 remained unchanged when compared to sham-operated controls (Fig. [6A--D](#Fig6){ref-type="fig"}). Phosphorylation of cMyBP-C at Ser282, PLN at Ser16 and cTnI at Ser22/23 all typically targeted by cAMP-dependent protein kinase (PKA), was lower in response to pressure overload. In contrast, TM1 phosphorylation at Ser283, most likely phosphorylated by death-associated protein kinase (DAPK^[@CR24]^, remained unchanged. In samples after hHTx/MU, protein and phosphorylation levels of all sarcomeric proteins tested here were significantly reduced. Even though a decline in total TM1 level was detectable, the phosphorylation of TM1 at Ser283 (Fig. [6D](#Fig6){ref-type="fig"}) was largely preserved compared to the phosphorylation of cMyBP-C, PLN and cTnI (Fig. [6A--C](#Fig6){ref-type="fig"}). ERK MAPK protein levels were not affected by hHTx/MU. Disease progression in response to pressure overload resulted in reduced MEK1-dependent phosphorylation of the canonical ERK phosphorylation sites at Thr202 and Tyr204 (Fig. [6E](#Fig6){ref-type="fig"}; in the rat sequence Thr203, Tyr205 for ERK1 and Thr183, Tyr185 for ERK2), and as expected, in increased autophosphorylation of ERK at Thr188 (Fig. [6F](#Fig6){ref-type="fig"}; in the rat sequence Thr208 in ERK1 and Thr188 in ERK2), commonly associated with ERK nuclear accumulation and subsequently pro-hypertrophic growth^[@CR25]^. Pan ERK phosphorylation was reduced in samples subjected to hHTx/MU (Fig. [6E,F](#Fig6){ref-type="fig"}). FHL1 protein expression was increased in TAC samples (Fig. [6G](#Fig6){ref-type="fig"}) and FHL2 expression decreased (Fig. [6H](#Fig6){ref-type="fig"}). Protein expression of both proteins remained low after hHTx/MU (Fig. [6G,H](#Fig6){ref-type="fig"}).Figure 6Protein expression and phosphorylation. Western immunoblot analysis of cardiac tissue homogenates from sham-operated control rats (sham; n = 8), after TAC surgery (TAC, 3 weeks; 6 weeks; n = 8) or after hHTx/MU for 14 days (Sham/hHTx/MU; TAC 3 weeks/hHTx/MU; TAC 6 weeks/hHTx/MU; n = 3--4). Protein expression and phosphorylation was assessed for (**A**) cMyBP-C and pSer282; (B) PLN and pSer16; (**C**) cTnI and pSer22/23; (**D**) TM1 and pSer283; (**E**) ERK1/2 and pThr202/pTyr204; (**F**) ERK1/2 and pThr188; (**G**) FHL1; (**H**) FHL2. Bars display quantification results as mean ± SEM. One-way ANOVA followed by Dunnett's post-test (to sham). \**P* \< 0.05; \*\**P* \< 0.005; \*\*\**P* \< 0.001 (For raw data/full western immunoblots for data shown in Fig. [7](#Fig7){ref-type="fig"} see Supplementary Fig. [1](#MOESM1){ref-type="media"}).

Discussion {#Sec21}
==========

Here, we performed a systematic molecular analysis of tissue structure, cardiac myocyte size, gene expression and protein expression/phosphorylation pattern in 14-days mechanically unloaded standardized pressure overloaded rat hearts. Main findings were (I) fibrosis development in response to MU independent of disease state or functional parameters prior to hHTx/MU as evidenced by independent methodologies. (II) Regression of cardiac myocyte diameter to sham-operated control levels in response to MU in TAC operated hearts. (III) Reduction in sarcomeric protein content with reduced phosphorylation of common PKA-substrates, but increased phosphorylation of TM1, a substrate for protein kinase C (PKC) and DAPK-mediated phosphorylation. This potentially predicts impaired cardiac contractile performance, enhanced oxidative stress and apoptosis after MU in both, sham-operated and TAC hearts.

Prior investigation of MU in a genetic model of dilated cardiomyopathy showed an association of prolonged LV unloading with impaired myocardial relaxation induced by myocardial atrophy, fibrosis development and apoptosis^[@CR18]^. Similar effects of MU on the extracellular matrix of the LV were demonstrated for human hearts subjected to LVAD therapy^[@CR26]--[@CR29]^. In contrast, other reports showed a significant reduction of LV collagen content after LVAD therapy^[@CR30]^. The experiments conducted in this study provide indices for the activation of the fibrotic remodeling program using histology, assessment of collagen content and gene expression analysis. The development of fibrosis occurred regardless of the disease status of the donor heart. This was not only evident in the PSR-stained cardiac sections and by colorimetric collagen assay, but was further corroborated by qPCR and NanoString technology showing elevated transcription of fibrosis marker genes Col1a1, Col3a1, Ctgf, Fn1, Postn and S100A4 alongside with up-regulation of apoptosis-related genes. Cardiac myocyte diameter was reduced in response to MU, as had been described before^[@CR31]^. Despite the fact that assessment of cardiac function in hearts after hHTx/MU in our study failed, the possibility of cardiac functional recovery seemed unlikely, given the apparent pathological changes in extracellular matrix content, atrophy and apoptosis. However, this remains speculative and needs to be investigated in future studies by directly assessing cardiac function after mechanical unlading by e.g. echocardiography or pressure-volume relationship measurements.

Impairment of contractile function could furthermore be predicted from the results obtained by western immunoblot analysis. In TAC hearts, PKA-mediated phosphorylation of sarcomeric proteins was reduced. This is commonly associated with compromised cardiac performance and reflects the desensitization of the β-adrenoceptor signaling pathway during cardiac disease development due to a deficiency of the cardiac myocytes to adjust contractile function adequately to acute changes in neurohumoral stimulation (as reviewed by Eschenhagen)^[@CR32]^. In addition to the hypo-phosphorylation of sarcomeric proteins in TAC hearts, subsequent hHTx/MU led to a dramatic reduction in sarcomeric protein content, which had been described before^[@CR15]^. A loss of sarcomeric structure, enhanced fibrosis and apoptosis all contribute to impairment of cardiac myocyte contractile function. In addition to our observations regarding structural remodeling, our study for the first time shows that a reduction in sarcomeric protein content and phosphorylation occurred irrespective of the health condition of the donor heart and can thus be regarded as a generic effect of the unloading procedure.

The impact of oxidative stress on sarcomere function during cardiac disease development has been described before (reviewed by Steinberg)^[@CR33]^. Phosphorylation of the sarcomeric protein TM1 at Ser283 by PKC and DAPK occurs downstream of oxidant-mediated ERK1/2 activation^[@CR24]^ and thus functions as a redox-sensor. In the heart, TM1 phosphorylation has been described to modulate the development of cardiac hypertrophy^[@CR34]^, with high phosphorylation levels of TM1 at Ser283 observed in a mouse model mimicking human hypertrophic cardiomyopathy^[@CR35]^. However, thus far, neither changes in TM1 isoform expression nor in its phosphorylation state could be confirmed in ventricular tissue from patients with end-stage heart failure^[@CR36]^. Our results are in accordance with the literature and show that TM1 expression and phosphorylation levels remain unchanged in hearts in response to pressure overload. However, TM1 protein levels declined in response to hHTx/MU, with the remaining TM1 protein highly phosphorylated at Ser283. This suggests increased generation of reactive oxygen species with subsequent activation of DAPK during TAC and TAC/hHTx/MU. Oxidative stress might also contribute to the induction of the apoptosis-related gene program as evidenced by higher mRNA abundance of Casp3, Bcl2 and Bax compared to sham-operated controls and after TAC surgery.

To investigate the contribution of the Raf-MEK-ERK1/2 pathway to the observed pathological hypertrophic remodeling, ERK1/2 protein expression and phosphorylation levels were assessed. The canonical MEK1/2-dependent ERK1/2 phosphorylation was reduced after TAC surgery. This was paralleled by elevated autophosphorylation of ERK1/2 at Thr188. Autophosphorylation of ERK1/2 is considered to favor nuclear translocation and accumulation of the kinase with subsequent induction of pro-hypertrophic gene expression^[@CR25]^. After hHTx/MU, ERK1/2 autophosphorylation was barely detectable. This observation can potentially explain the reduction in cardiac myocyte diameter, which we found regressed to sham-operated levels after TAC/hHTx/MU.

Cellular localization of ERK1/2 is regulated in part by the biomechanical stress regulators FHL1 and FHL2. FHL1 has been shown to participate in the formation of a signaling complex with ERK2 that senses hypertrophic stress signals, thereby negatively regulating ERK2-mediated titin phosphorylation and reducing muscle compliance^[@CR37]^. FHL2 has been described to regulate Raf-MEK-ERK1/2 signaling by directly interacting with ERK1/2 and maintaining its cytosolic localization^[@CR23]^. FHL2 protein levels have been described to decrease in human heart failure^[@CR38],[@CR39]^, allowing ERK1/2 nuclear translocation, nuclear accumulation and pro-hypertrophic gene expression. Our study demonstrates increased FHL1 and reduced FHL2 expression after TAC surgery, which is in accordance with elevated ERK1/2 autophosphorylation and cardiac myocyte hypertrophy. In response to hHTx/MU, FHL1 protein levels declined, whilst FHL2 protein levels remained low. This could on the one hand improve muscle compliance and thus cardiac function, but also further aggravate pathological remodeling.

In summary, hHTx/MU of rat hearts revealed exacerbated fibrosis development, cardiac myocyte atrophy and transcription of apoptosis-related genes regardless of the disease condition of the donor heart at the time of transplantation. Whether a step-wise unloading procedure or even an anti-fibrotic therapy would induce superior recovery of the molecular signaling pathways warrants further investigation. The molecular mechanisms that occur in diseased hearts in response to hHTx/MU are summarized in Fig. [7](#Fig7){ref-type="fig"}. Our data in many aspects fit to the clinical situation with low rate of recovery-related LVAD explantation in patients and partially elucidate the molecular remodeling mechanisms.Figure 7Summary scheme. Summary of molecular alterations in cardiac myocytes after TAC or TAC and hHTx/MU.

Study Limitations {#Sec22}
=================

Main limitation of this study is the small number of biological replicates in the hHTx/MU group. This is due to the sophisticated surgical animal model used in our study in order to address a clinically important question. However, conclusions are drawn based on robust evidence achieved with multiple alternative methodologies. Furthermore, only complete unloading of the LV was performed without comparing effects of partial unloading by heterotopic heart-lung transplantation, which could at least attenuate cardiac fibrosis, atrophy and wall stiffness induced by MU. Moreover, the here described and characterized surgical model only partially represents the clinical situation of LVAD therapy in patients with end-stage heart failure. Important differences to be emphasized are the complete unloading of the heart in our hHTx model, together with different anastomoses (PA to inferior vena cava, AA to abdominal aorta vs. apex to AA) and the non-native position of the transplanted heart, which may lead to artificial interactions with the surrounding abdominal tissue.
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